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Abstract
A bench scale experiment is established to determine the extent of CO2 immobilization beneath small-
scale capillary barriers, which can be expected in typical heterogeneous storage formations. The bench
scale environment allows fluids analogous to CO2 and brine to migrate under gravity in a quasi-two
dimensional domain packed with a range of sizes of beads/grains. A fluid pair is developed to mimic the
phase densities and viscosities at pressure and temperature typical of storage aquifers. Domains are built 
with different types of heterogeneity that establish local capillary barriers, and hence possible local traps.
Extent of trapping in a closed domain is qualitatively consistent with theoretical results and those from 
previous works. Persistence of local trapping after forced imbibition is also observed in line with theory.
© 2013 The Authors. Published by Elsevier Ltd.  
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1. Introduction
Leakage of stored bulk phase CO2 is of particular risk for sequestration in deep saline aquifers. As the
less dense CO2 migrates upward within a storage formation or in layers above the formation, the security
of its storage depends upon the trapping mechanisms that counteract the migration. The trapping 
mechanism motivating this research is local capillary trapping (LCT) [1]. When a CO2 plume rising by
buoyancy encounters a region where capillary entry pressure is locally larger than average, CO2
accumulates beneath the region. One benefit of LCT is that saturation of stored CO2 phase is larger than 
the saturation for other permanent trapping mechanisms. Another potential benefit is security: CO2 that 
occupies local capillary traps remains there, even if the overlying formation that provides primary
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 The Authors. Published by Elsevier Ltd.
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containment were to be compromised and allow leakage [2]. The question of how much pore volume in a 
typical storage formation can provide LCT is being actively studied. It is clear that rising CO2 contacts a 
smaller volume of the rock until it reaches the layer providing primary containment, and that the fraction 
contacted depends strongly on the degree of heterogeneity in the formation and on the height of 
connected column the CO2 can establish as it rises [3, 4]. 
   Most work on LCT has involved numerical simulation, with core-scale experiments reported in [6]. 
The research presented here is a step toward understanding local capillary trapping at the bench scale [7]. 
The specific objectives are to establish protocol for laboratory assessment of local capillary trapping and 
to determine the influence of geologic and petrophysical characteristics on counter current buoyancy 
driven flow of CO2 and brine. Based on these relationships, a particular geological formation, for which 
fluid and rock properties (including heterogeneity) are known or can be measured, could be analyzed for 
suitability as a CO2 storage site. The potential for local capillary trapping to enhance capacity for CO2 
storage/sequestration in the formation of interest can also be evaluated. 
2. Experimental Setup 
2.1. Experiment Conditions 
Saline aquifers as typical storage formation are 
an aqueous environment at elevated temperature and 
pressure in which brine is the wetting fluid and CO2 
is the non-wetting fluid. The experiment is 
performed at ambient conditions to allow convenient 
digital capture (by means of an HD video camera) of 
the displacement. For these experiments a 
hydrocarbon serves as the non-wetting phase. The 
properties of both phases are tuned to mimic 
CO2/brine properties at storage conditions, as 
described in Section 2.3.  
2.2. Experimental Apparatus 
When fully assembled the apparatus forms a 
transparent quasi two-dimensional domain which 
behaviors 
within the bead/grain packing (Fig. 1). To enable 
fluid flow into the experimental apparatus, there are 
four (4) two-way valves on each of the top and 
bottom caps. The current setup designates four 
valves to serve as inlets for oil based fluids and four 
valves to serve as inlets for aqueous based fluids.  
Fig. 1. A 2 ft by 2 ft by 0.04 ft Pyrex glass containment 
box with steel caps (top and bottom) mounted on 
horizontal pivots in a support metal frame. The pivots 
enable the easy flipping of a gravity stable initial condition 
by 180 degrees to start the experiment. 
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2.3. Fluids 
A brine/glycerol mixture serves as the wetting phase and a light mineral oil/decane mixture serves as 
the non-wetting phase. The density difference between brine/glycerol ( w = 1084 kg/m3) and the mineral 
oil/decane mixture ( o = 724 kg/m3) is similar to that of CO2 and brine at storage conditions [5]. To match 
the viscosity ratio of CO2 and brine, the mixture compositions were adjusted as indicated in Table 1.  
Table. 1. Fluid properties 
Fluid Viscosity (cP) Density (kg/m3) 
Brine (typical storage aquifer) 0.3-0.4 ~ 1000 
Supercritical CO2 (typical storage aquifer) 0.05 500-700 
Brine (ambient condition) 1.0 1000 
Decane (ambient condition) 0.92 720 
Light Mineral Oil 44 800 
90% Decane + 10% Mineral Oil (non-wetting phase) 1.1 724 
60% Brine + 40% Glycerol (wetting phase) 7.0 1084 
2.4. Beads 
The experimental apparatus is hydrophilic glass walls packed with hydrophilic glass beads and/or 
sand. Average bead size distribution and bead column capillary entry pressures are calculated (using 
interfacial tension of 27.8 dynes/cm for the brine/glycerol  decane/mineral oil interface and a contact 
angle of 100 degrees) and results are presented in Table 2.  
Table 2. Properties of beads used in quasi-2D buoyant displacement experiments. 
Bead 
Name 
Approximate Bead 
Diameter Distribution 
(mm) 
Average Bead 
Diameter 
(mm) 
Capillary Entry 
Pressure 
(Theoretical) (Pa)  
Capillary Entry 
Pressure 
(Experimental) (Pa)  
Maximum possible 
trapped oil column height 
(cm) 
5 mm 4.7 - 5.3 5.0 73 104 2.9 
3 mm 2.7 - 3.3 3.0 121 143 4.0 
2 mm 1.7 - 2.3 2.0 182 208 5.9 
P-0230 0.43 - 0.60 0.5 729 887 25.1 
P-0120A 0.28 - 0.22 0.25 1457 1162 32.9 
2.5. Experimental Procedure 
 
Fig. 2. A graphical representation of the experimental design. 
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Step 1: Packing the experimental apparatus. Packing begins with the glass containment box in the 
vertical position where the bottom cap has been tightened, and the top of the box open. Dry beads are 
placed into the apparatus and settled to the bottom by gravity. Beads of different sizes were placed in 
sequenced layer to achieve heterogeneity. Top cap is then positioned and secured.  
Step 2: Saturate with the aqueous phase. Aqueous phase is injected slowly into the bottom of the 
apparatus via the fluid flow system. Injection is gravity driven. Aqueous phase flows through and 
saturates the porous medium to a pre-determined height; air is displaced via the ports from the top. 
Step 3: Displace with the hydrocarbon phase. Ports at bottom at closed, and hydrocarbon phase is 
introduced, by gravity feed, to fill up the remaining space in the upper section of the porous medium.  
Step 4: The experiment. Steps 1-3 establish a gravity-stable configuration, as the denser aqueous 
phase rests below the less dense hydrocarbon phase. All valves and ports are closed, so the buoyant 
displacement in this step occurs in a closed domain, requiring countercurrent movement of the fluids. To 
initiate the buoyancy driven displacement, the gravity-stable configuration is reversed by pivoting the 
apparatus 180 degrees in the frame. The fluid displacement will be physically analogous to the rise of 
CO2 non-wetting phase in a saline aquifer) as water descends to fill the space vacated by the rising CO2.  
For selected experiments, after the migration of oil stops, top and bottom ports are opened and 
connected to reservoirs to impose a constant hydraulic potential across the domain. This enables, for 
example, forced imbibition of aqueous phase from the bottom, with accompanying displacement of fluids 
from the top. This procedure measures the permanence of local capillary traps established during the 
earlier buoyancy-only displacement.  
2.6. Types of Experimental Domains 
Three types of heterogeneity were examined. The first domain was loosely packed with four bead 
sizes in a pattern of heterogeneity, in which patches of larger beads are enclosed by smaller beads. The 
second domain consisted of six layers of different bead sizes. The third domain was a combination of 
patches and layers. Table 3 summarizes the experiment sequence. 
Table 3. Types of domain. 
Experiment Bead Diameter (mm) Domain Description 
1 0.5, 2, 3, 5 Patchy 
2 0.045 (sand), 0.25, 0.5, 2, 3, 5 Layered 
3 0.25, 0.5, 2, 3, 5 Patchy / Layered 
 
Theoretically, the rising non-wetting phase should accumulate at a boundary between regions of 
different bead sizes until the height of the continuous oil column below the boundary imposes a capillary 
pressure equal to the entry pressure of the smaller beads in the region above the boundary. If more oil 
joins this column from below and thus increases the continuous column height, oil will leak through the 
boundary until the column height decreases to the critical height. The oil that remains below the boundary 
is an example of the local capillary trapping phenomenon.  
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3. Results and Discussion 
3.1. Experiment 1 
Four types silica beads of different sizes are present in this packing in regions indicated in Fig. 3(a); 
the darker colored beads are 0.5 mm in size while the lighter colored beads are 2, 3 and 5 mm in diameter. 
 
Fig. 3. (a) Initial condition of the heterogeneous experiment with region boundaries outlined in yellow. Less dense non-wetting 
hydrocarbon phase (red-dyed) is about to rise, and the denser wetting aqueous phase is to fall simultaneously; (b) Oil migration 
stopped within three hours after the experiment began. The circled sections illustrate local capillary trapping of oil beneath 
boundaries of regions of smaller beads above larger beads. 
The rise of hydrocarbon phase was fast for the first 100 seconds after flipping (the start of the 
experiment), then the migration slows down as the rising front encounters the region of 0.5 mm beads 
(circled in Fig. 3a). It took 56 minutes for the hydrocarbon front to pass through entire domain and reach 
the top. It took about 150 minutes for the migration of fluids to stop. Fig. 3(b) shows that 34 hours after 
the flipping, the fluids remained at the same position as they did at the end of 3 hours; this confirmed that 
the oil accumulated at circled regions was trapped locally by the capillary barriers. 
The accumulated oil column heights were measured at each spot where LCT occurred. The 
corresponding capillary pressures at the top of each column are smaller than the entry pressure of the 
capillary barrier above, as expected.  
Previous work [7] suggested that the 0.5 mm beads may serve as an effective capillary barrier in this 
experiment. Nonetheless, a significant amount of oil migrated to the top of the domain (darker portion in 
the topmost section of 0.5 mm beads, Fig. 3(b). The 0.5 mm beads can hold, in theory, a 25 cm oil 
column, if the beads are uniformly and tightly packed. In area A, however, the observed oil column height 
is half the theoretical value. This is because the entry pressure is smaller at the walls of the apparatus. The 
pores formed between beads and the walls at the left and right sides of the apparatus (where side wall 
meets front wall and back wall) are about twice the size of pores between beads. The hydrocarbon phase 
migrated along the side walls into the uppermost portion of the porous medium, establishing sufficient 
column height to backfill that part of the medium.  
t=0 sec t=34 hrs 
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3.2. Experiment 2 
This experiment examines LCT beneath laterally extensive barriers. From Fig. 4(a), when 
hydrocarbon phase rises from a coarser beads region to a finer beads region, the increasing entry pressure 
is sufficient to act as an barrier to hinder the flow temporarily, but insufficient to stop the flow. This 
causes the temporary build up of large saturations beneath each region. The overall migration of the oil 
phase is fast through the 5 mm, 3 mm and 2 mm region, but slows down in the 0.5 mm region, and 
completely stopped by the 0.25 mm layer. 
 
 
(a) 
 
(b) 
Fig. 4. Time lapse images of Experiment 2. (a) First 48 seconds of the experiment. The cavities in the 0.5 mm region are formed by 
settling of the beads after apparatus was flipped at time zero. Several preferential migration paths are evident, likely due to 
heterogeneities introduced during settling; (b) Equilibrium states. 
The system was nearly stabilized after 4 hours. Most of the hydrocarbon phase was trapped at the 
boundary between 2 mm and 0.5 mm layers. Fig. 4(b) shows that over the course of two days, 
hydrocarbon migrated through the 0.5 mm beads to the boundary with 0.25 mm beads.  
Accumulation of oil at the boundary between 2 mm and 0.5mm has an average column height of 
approximately 6 cm, corresponding to a capillary pressure of 212 Pascal, which is smaller than the entry 
pressure of 0.5 mm bead pack (886 Pa), as well as the entry pressure of 0.25 mm bead pack (1162 Pa). Oil 
entered cavities that formed in the 0.5 mm layer after the apparatus was flipped, and stayed there 
throughout the entire experiment period. The movement of beads that caused the cavities also created 
defects suggestive of shear bands, which evidently have a smaller entry pressure than the beads, 
especially where the defects contact the front wall of the apparatus. Oil migrated along these defects to 
the cavities. Migration also occurred to the 0.25 mm/0.5 mm boundary, apparently from the cavity in 
center of layer through the larger pores at the bead/front wall boundary. However, the oil column did not 
exert a capillary force that is greater than the entry pressure for the 0.25 mm bead pack and its boundaries. 
Because 0.25 mm bead pack serves as a seal, the accumulation of oil beneath the 0.5 mm bead layer 
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cannot be unequivocally attributed to local 
capillary trapping. That is, the oil in the 2 mm 
may be there only because the top of the oil 
column can migrate no further. If the seal at the 
0.25 mm layer were compromised, some of the 
oil currently in the 2 mm layer may leak into the 
upper layers. The next experiment illustrates a 
method to test apparent local trapping for 
permanence.  
       
 
 
Fig. 5. The  circled sections illustrate local capillary trapping 
of beneath boundaries of smaller beads above larger beads. 
 
3.3. Experiment 3 
The porous medium in the third experiment was a hybrid of layers and regions of different bead sizes. 
After 30 hours, local capillary trapping is observed at various spots in the system, where buoyancy driven 
uprising oil has accumulated beneath the region of higher capillary entry pressure.  
 
  
Fig. 6. (a) Oil migration stopped within 30 hours after Experiment 3 began. The circled sections illustrate local capillary trapping of 
oil beneath boundaries of regions of smaller beads above larger beads; (b). Oil migration stopped within 22 hours after boundaries 
were opened and a hydraulic pressure was applied to the stabilized configuration at 30 hours. The circled sections illustrate local 
capillary trapping that persists even during forced imbibition. 
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Late in this experiment, air entered the porous medium because of a leak on the lower right side of the 
apparatus. The air migrated to the upper portion of area G and H in Fig. 6(a). Thus the trapping in area G 
and H involved a more complicated 3-phase interaction, not just the intended grain size variation as in 
Experiments 1 and 2. Oil column heights are less than the nominal height that the corresponding bead 
layer could hold, consistent with edge effects at the walls of the domain controlling upward migration. 
After equilibrium was reached (Fig. 6(a)) the top and bottom fluid flow systems are opened so that 
aqueous phase again entered the porous medium from the bottom under gravity. The aqueous reservoir 
liquid surface was 84 cm above the top surface of the system, providing a hydraulic potential difference 
of 8.4 kPa. Fluid was displaced through the ports of the top fluid flow system. In the following 22 hours, 
1000 ml aqueous phase and 375 ml of hydrocarbon phase were displaced, until no more oil is displaced 
out. The local capillary trapping of oil phase stabilized, as shown in Fig. 6(b). 
This confirms that in region B, D, F G, and H, local trapping can withstand a significant amount of 
external force, proving the persistence of local trapping after forced imbibition. 
4. Conclusions 
The buoyancy driven migration path of the non-wetting phase is significantly influenced by the 
heterogeneity of the domain. Experiments show that the uprising oil plume will selectively fill up the 
regions with smaller capillary entry pressure (coarser bead patches) first, and accumulate beneath the 
capillary barrier. Migration of buoyant phase through the barrier occurs when the phase column height 
exceeds the entry pressure of defects within the packing (e.g. caused when regions of beads settle after 
rotating the apparatus) or at the boundary between porous medium and wall of apparatus. Orientation of 
boundaries between regions affects the local trapping behavior. Lateral boundaries serve as good barriers, 
while vertical bead boundaries serve as a connection between trapped regions and became the preferential 
paths for migrating flows. Our observations validate predictions [3] that increasing lateral correlation will 
yield more local trapping, while increasing vertical correlation will cause less local trapping. Because 
continuity of the non-wetting phase column along defects and walls can be difficult to discern, observed 
accumulations of non-wetting phase cannot be unequivocally attributed to local capillary trapping. To test 
this idea, the boundaries of the apparatus were opened after reaching steady state and a constant hydraulic 
gradient was imposed. A significant fraction of the hydrocarbon was displaced, but a substantial amount 
remained in the accumulations. This indicates that this trapping mechanism remains secure even if the 
overlying seal is breached.  
Acknowledgements 
Thanks to sponsors of the Geological CO2 Storage Joint Industry Project at The University of Texas at 
Austin. This work was also supported by the Office of Fossil Energy, National Energy Technology 
Laboratory of the United States Department of Energy under DOE Award Number DE-FE0004956. 
References 
[1] Saadatpoor E, Bryant SL, Sepehrnoori K. New trapping mechanism in carbon sequestration. Transport in Porous Media 2010; 
82(1): 3 17.  
[2] 2 
for presentation at the SPE Annual Technical Conference and Exhibition held in Florence, Italy, 19 22 September 2010. 
 Yuhao Sun et al. /  Energy Procedia  37 ( 2013 )  5553 – 5561 5561
[3] Saadatpoor, E. Local Capillary Trapping in Geological Carbon Storage
2012. 
[4] Estimation of local capillary trapping capacity from geologic models
Proceedings of GHGT11 (this volume),  2013. 
[5] Cinar, Y., Riaz, A., and Tchelepi, H. 2009. Experimental Study of CO2 Injection Into Saline Formations. SPE J.  14 (4): 588-
594. SPE-110628-PA. doi: 10.2118/110628-PA. 
[6] Krevor SCM, Pini R, Li B, Benson SM. Capillary heterogeneity trapping of CO2 in a sandstone rock at reservoir conditions. 
Geophysical Research Letters 2011; 38: L15401. 
[7] Hernandez, A. Observations of Buoyant Plumes in Countercurrent Displacement  Master's thesis, The University of Texas at 
Austin, 2011.  
  
